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NUMERICAL METHODS FOR INDUSTRIAL FLOW PROBLEMS

IBRAHIM!, C. VUIK, F. J. VERMOLEN, AND D. HEGEN

ABSTRACT. In this report, Partial Differential Equations (PDEs) are solved
numerically. These include Poisson Equation, Convection-Diffusion Equation,
either steady state or time-varying, and Burgers’ Equation. Methods used are
Standard Galerkin Algorithm (SGA) and Streamline Upwind Petrov-Galerkin.
For the nonlinear Partial Differential Equations, Picard Iteration is combined
with Finite Element Methods. For time-varying PDEs, Explicit, Implicit and
IMEX schemes are used. A system of nonlinear equations is solved by applying
the above mentioned methods.

1. INTRODUCTION

Mathematical modeling of many physical systems is often described by so called
conservation equations. In general, such equations are represendted by nonlinear
(coupled) partial differential equations. Analytical solutions are hard or impossible
to find for many PDEs. Experimental data are not available all the time. Numerical
Methods can be used even in such cases and sometimes it is the only choice. Error
estimation, solution convergence and stability are important issues in numerical
methods.

2. FINITE ELEMENT METHOD

The finite element method is a numerical technique, used to find approximate so-
lutions of partial differential equations. It is more general, as compared to the finite
difference and the finite volume methods in the sense that, it can handle complex
geometries and it is not restricted to differential equations in conservative form.
The main features of the finite element are as follows. The domain of the problem
is represented by a collection of simple subdomains, called elements. The collection
of these elements is called the finite element mesh. Over each element, a property
u described by a partial differential equation is approximated and represented by
a sum of polynomials with coefficients u;, which are found from a set of algebraic
equations.

2.1. Standard Galerkin Approximation. We will use an example to explain
the standard Galerkin method. Consider the Poisson equation in one dimension:

_D% — flz), 0<z <1, (1)
u(0) =2, u(l) = 1. (2)

Multiply equation (1) by a test function v(z) and integrate it over the computational
domain, [0, 1].

U 2z 1
—D/O ddx(z)v(x)dx/() f(z)v(x)dx. (3)

To get the weak formulation, apply integration by parts.

-D {Zuv(x)}: +D /01 dudv /01 F(x)o(z)dz. (4)

T dr dx
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We choose v(z) such that integrals in equation (4) exist. Furthermore, we take
v(0) = 0 and v(1) = 0. Therefore, the boundary term in the above equation van-
ishes. Now we discretize x, u(z) and v(z) in the following way. The computational
domain z € [0,1] is divided into n finite intervals by considering n 4+ 1 nodes,
x9 =0, x1, x3, ..., x, = 1. Fach such interval is called an element. All elements
are taken with equal length h = % The ith element e; is the interval from x;_1 to
x;. The unknown variable u(z) is approximated by v = {u;}, where u; ~ u(x;),
and j = 0, 1, ..., n. Now u(z) is written in terms of basis functions, ¢;(z), as
follows,

u(@) &Y ué, (@), (5)
§=0

where ug = u(0) and u,, = u(1) are known. We choose the function v(z) as,
v(z) = ¢i(x), i=1,2,...,n— 1. (6)

Now ¢;(z) is a piecewise linear function defined as:

s, fora € [z, @il
oi(x) = %ﬁ’ for x € [x;, Ti1], (7)
0, for x & [x;_1, @iq1].

T—T1 f
po(z) = { o for@ € [0, @),
0, for « & [xo, x1].

¢n(x) _ ;i;_z;iﬂ’ for z € [l‘n_l, In], -
0, for ¢ & [xp—1, @n].
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FIGURE 1. The piecewise linear basis function: ¢;(x)

0, forj#i,
di(z;) = o
1, forj=1.

With this discretization, equation (1) takes the form

1 n 1
D/o ;u,d%d@dz/o f@)oi(x)dx, i=1,2,...,n—1, (8)

T dx dx
0

or

n—1 1 1
do; do; :
D]E:l uj/O d—xj Iz dx = /0 f(@)pi(x)dx +b;, i =1,2,....,n — 1. (9)
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Where b; is the ith element of vector b which incorporates boundary conditions and
it is given as,

-D f;ol uo%%da‘, fori=1,
bi=-D[" up,%rttdy, fori=mn-—1,
0, l<i<n-—1,
or,
UO%, fori=1,
b, = un%, fori=n-—1,

0, l<i<n-—1.

All the integrals on the left-hand side of equation (9) can be computed analytically.

For fol f(x)¢p;(x)dx, we will use a numerical technique, if it is hard to determine
otherwise. In order to implement equation (9) to a computer program, we use the
following strategy. Equation (9) can be written in a matrix form:

where S is an n — 1 by n — 1 matrix, called the stiffness matrix, u is the vector
consisting of u;, j = 1,2,...,n — 1 and f is a vector of length n — 1. The elements

of § and f are given by,
1
dg; do;
Sij=D —du,
7 /0 do dx "

1
fi :/0 f(x)¢i(x)d.

In order to find the matrix S, we calculate the element matrix S,

Ty  dpi—1 doi— Ti  dg; dpi—
S =D fri_l d(;lml da:ldx fxi_l % dmldx (11)
e T i—1 doi Ti  do; do; ’
fri_l dzlﬁdx fzi_l %%dl’
or,
D1 -1
Se_h[_l ) } (12)

For the current problem, we have D =1, Ae =h =0.1, n =10, f(z) =1, ug =
1, u, = 0. Initially S is an n + 1 by n + 1 matrix filled with zeros for all elements.
With an index k, running from 1 to n, the stiffness matrix S is updated as:

Sk—1,k—1 = Sk—1,k—1 + Se1 1,
Sk—1,k = Sk—1,k + Sey 55
Skk—1 = Skk—1+ Sey s

Skk = Skk+ Seyp-

Before using S in further calculations, we omit its first and the last row as well
as the first and the last column because we need to find only n — 1 variables, u;.
For the integral on the right hand side, we can use a Newton-Cotes formula (the
trapezoidal rule),

[ f@de = 20T ) + 1) (13)

Of course, the integral in our case is simple enough to calculate analytically. Now
the element vector for f is given as:

fm xT ¢i,1d.’IJ (14)

T L)
fe= { [ @) grda
3
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Again an index k, running from 1 to n, helps to update the vector f, initially loaded
with zeros only.

fr—1 = fr—1+ fers
e = fr+ feo-

The first and the last elements of f are not considered. Hence we are left with n —1
elements. Now the approximate solution vector u; can be determined, once we have
S, f and b,

u=S8""'f+5"b (15)
Once we have the element matrix, in this case S., assembly of the corresponding
matrix S is the same for all proceeding examples. Except that, if a boundary is
not subject to an essential boundary condition, we will no longer remove the cor-
responding row and column of the stiffness matrix. A natural boundary condition
applies in this case. The vector b and f are treated in a similar way. The equation
(15) has been implemented in MATLAB. The result is shown in Figure 2, along
with the relative difference with the exact solution, u(z) = 12—2 — 3242, We observe
that for such a simple problem, there is (almost) no error i.e., u(z) = u; at node

points © = x;. In this example, boundary conditions were specified explicitly for

(a) Numerical Solution
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FIGURE 2. (a) The solution of Poisson equation by SGA, D =

1, f=1, u0) =2, u(l) =1, (b) Relative Error E;zﬁj)"), u(r) =

Y

%—%x—i—?.

both ends. We can have other type of boundary conditions. Among many, few
types are mentioned below.

Dirichlet Boundary Conditions: If boundary values are given explicitly, they
are called Dirichlet Boundary conditions. e.g., w(0) = 1, u(1) = a etc. For our
purpose they are also called Essential Boundary Conditions.

Neumann Boundary Condition: It is the derivative of the unknown variable
given at certain boundary point, e.g., % =0atz=1.

Robin Boundary Condition: It is a combination of above two boundary condi-
tions. e.g., Z—Z +ou=a, c>0, x=1.

For second order partial differential equations, the last two conditions are also called
natural boundary conditions. If we do not specify boundary condition for one end,
say at x = 1, then ‘;—Z = 0 for z = 1 applies by default [2]. Of course it is true
only approximately for a numerical solution. In this case we no longer omit the last
column and row from S, f and b. Furthermore b,,_; = b, = 0. The result for this
new condition is shown in Figure 3, with u(0) = 1.
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Solution u(x)
T

T T T
- -8 = Approximate Solution

0.95 - Exact solution Ll

0.55 —

0.5

X ———>

FIGURE 3. The solution of the diffusion equation by (red) SGA,
D=1, zf =1, u(0) =1, dq;fvl) = 0, (blue) The exact solution,
u(r) =% —x+ 1.

3. CONVECTION DIFFUSION PROBLEM

In this section, we considered the steady state convection diffusion equation. Ini-
tially, we applied Standard Galerkin method to compute the approximate solution.
When convection dominates over diffusion, we face undersireable wiggles in the
numerical solution. We applied another method to overcome this difficulty.

dPu du

de2+cdx 0, 0<z <1, (16)
u(0) =1,
u(l) =0,

where c is speed of the wave and € is the diffusion coefficient. Both ¢ and € are as-
sumed to be constant. Function u could be the temperature or some other physical
quantity. In order to solve this equation, we apply the Standard Galerkin approach.
Multiply equation(16) by a test function v(z) and integrate over the problem do-
main.

Y d?u Y du
_ = — =0. 1
6/0 dxzv(a:)dx—kc/o dxv(x)dx 0 (17)

Integration by parts for the first integral on the left-hand side gives the following
result.
—€ d—uv(x) 1 —l—e/l dUdUda:—&—c/l d—uv(x)da: =0
dx 0 o dzdz o dx -

Again, choosing v(0) = v(1) = 0 makes the first term equal to zero. Discretization
used for u(z) is given by,

u R Z u;o;(x),
7=0
where ug = u(0) and u,, = u(1), are known. The definition of the basis functions

¢j(z) and v(z) is the same as given in the previous section. Equation (17) can be
written as,

¢ do; Lg [& '
(18)

ot



Now the element stiffness matrix is given by,

Tq doi_1 d¢'7, 1 T4 do; d¢z 1
S =€ [ fZL’i71 dx d f:L’,, 1 dx d'r ‘|
e =

fxi d¢'b 1 d¢l d"L’ fI1 d¢b d¢1 dx

z;_1 dr dz

i1 dx

+c

i dpi— i doi

f;71 ¢ 1¢’L 1d{E f_f 1 dd; ¢z 1d£C
T d¢7 Ty do; )

Ll T W

el 1 —1 c| -1 1
Se_h{—l 1}*2[—1 1}’ (20)
where h is the length of an element. We have divided our domain uniformly, there-
fore h is a constant. The first element of the vector b is given by,

1 1
doo d
61:*6/ UuQ ¢0 ¢1d:vfc/ uoﬂ 1dx,
0 ZL‘

or,

dr d
or,
by = EUO + g’UQ.
Similarly, b, 1 = 7, — §up. All other elements of b are zero. Equation (18) in the
matrix form is written as,
Su = b,

or,

u=S"1b (21)

This equation has been implemented in MATLAB. Two graphs are shown in
Figure 4. In the blue graph, e = 1, ¢ = 1, while in the dotted graph, e = 0.1, ¢ = 4.
When convection dominates over diffusion term, we observe wiggles in the output,
where the Standard Galerkin Approximation is used. To get rid of these undesired
wiggles, we used a method called Streamline Upwind Petrov-Galerkin (SUPG).

Solution u
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X ———>

FIGURE 4. The numerical solution of the convection-diffusion
equation, (blue) e =1, ¢ =1, (red) e =0.1, ¢ =4.



Streamline Upwind Petrov-Galerkin. In this method, a modified test function
is used,
w(z) = v(z) + p(z),
where v(z) is the classical test function. The additional term p(z) introduces ar-
tificial diffusion and hence counters the convection dominance. This idea is taken
from the finite difference method [1].
_hdo,

p(z) = 5 dr

For a first order upwind, we have £ = 1, which we will use in this study (other
values of & are also used for different reasons). Hence,

h de;
Using w(z) in equation (17) instead of v(x) we have,
1 1
du dw du
T de - = 22
6/0 e dzdx+c/0 dmw(x)d:v 0, (22)
or,
1 n L N

6/0 dz jzz:oujgb] dx <¢z+ 2 d:c)dx+c/0 dz ;uﬂby (¢1+ 5 dx)da:—O.

(23)

The additional term of %%‘Z" is effective only in the convection part since elemen-
twisely, the derivative of p(x) is zero. The element matrix in this case is given
by,

fﬂvi dpi—1 dpi—1 dx flz d¢; dpi—1 da
S.=¢€ ’

zr;—1 dx dz zr;—1 dr dx

[ —d¢"1%dx [ doidos gy

z;—1 dx

Ti  dpi— Ti i
f;fl q;zl@qu f;fl Cild; Pi—1dx
j‘l"i dp;_1 (bzdf flq do; ¢de

zi—1 dx dz ri—1 dx z;—1 dz

Jhe [ [ SE g [ e
o i  doi_1 do; T do; do; ’
2 fxi_l (z:ix - d(z; dx fzi_l dq; %dﬂ?
or,
el 1 -1 c| -1 1 cl| 1 -1
Se_h[—l 1}’2[—1 1}’2{—1 1]' 24)
by takes the form,
1 1 1
dpo dpr / doo h / deo diy
by =— — ——dx — ——¢rdx — c— ——d
! e/ouodgvd:vglj Couod:r(blw CQOUOd:cd:c s

or,
€ c c
by = 7 U0 + U0 + 5o

Note that the discretization of u(z,t) is not changed. Now S and b are determined
as usual and the equation (21) is used for the numerical solution. The solution
obtained by the Streamline Upwind Petrov Galerkin (SUPG) method is shown in
Figure 5, along with the exact solution, u(x) = ﬁ (em® —e™), m = £. Again, we
used € = 0.1, ¢ = 4, but with the test function w(z). We observe that the numerical
solution in this case is smooth but it deviates from the analytical solution, where
u(x) varies sharply. This clipping effect is due to the artificial diffusion term and
it can be reduced by taking a finer mesh. The result shown in Figure 6 indicates
this fact. We expect that u — u as n — oco. Again, a finer mesh means that extra
memory and more computational time is required. For the current problem, a finer
mesh also eliminates the need of SUPG method.
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Solution u
1 - —= = - - - =

0.8~

0.7 -

0.6 -

0.4

0.3

0.2+

- --= SUPG
Exact Solution
; T

i i i i i i
[o} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X ——>

F1GURE 5. The solution of the convection-diffusion equation, € =
0.1, c=4, u(0) =1, u(l) =0, (1) by SUPG method with A = 0.1

and (2) analytically, u(z) = = (€™ — ™), m = ¢,

e’

Solution u

1 - =n = = = == == ===

- = - SUPG
Exact Solution
; T

i i i i i i
(o} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X ——>

FIGURE 6. The solution of the convection-diffusion equation, € =
0.1, c =4, u(0) =1, u(1) =0, (1) by SUPG method with h = 0.02
and (2) analytically, u(z) = L (e™® —e™), m = ¢

T—em €

3.1. Solution of Transient Convection Diffusion Equation. Consider the fol-
lowing time-dependent convection-diffusion equation,

Ou(x,t) ou(x,t)  _0*u(x,1)
ot o b ox? (25)
w(0,t) =1, u(l,t) = (2 —1t), u(x,0) = - 1(6“” -1)+1.

Here D and ¢, represent the diffusion coefficient and the flow velocity and these

quantities are assumed to be constant. We can use the Newton-Cotes rule in case

¢ and D are specified by some given functions of x. Initial conditions u(z,0) and

boundary values u(0,t) and u(1,¢) are also given. After multiplying equation (25)

by a test function v(x) of our choice and integrating over the problem domain, we
8



get the weak formulation.
1 1 1
ou(z,t) ou(zx,t) B ou(z,t) Ov(x)
/0 T v(z)dx + C/O . v(x)dr = D/o p 5 dzx. (26)

We divide our domain into n elements as explained in the previous section, then
the discretization of u(z,t) is done as follows

u(z,t) ~ Zuj(t)qu (), where ug(t) and u,(t) are given.
7=0
For brevity, we will use the notation u;(t) = u; and ¢,(x) = ;.

/laiu-gﬁd)-derc/l a(iu-aﬁ-)(ﬁdw—D/la(iu-qb-)(%dx
Oatj:()“’ Oaszoﬂz’ Oaszojjax’

i=1,2,.,n—1.

(27)
or,
n—1 1 n—1 1 n—1 1
d do; do; do;
Jj=1 j=1 j=1
(28)
where,
—ug ;01 (D%% + c%d)l) dz, fori=1,
b = —u, f;:q (de;' d%%l + c%qﬁn,l)d:ﬂ, fori=n-—1,
0, l<i<n-—1,
or,
UO%-I-UO% fori=1,
b, = un% —Upy, fori=n-—1,
0, l<i<n-—1.
The matrix form of the equation(28) is given by,
du
M—=—-Su+b 29
0 u+D, (29)
(30)
where the (i, 7)th element of the mass matrix M is,
1
Mi’j = / ¢Z¢jdl‘
0
Its element matrix M, is given by,
i ()i (@)dr [T @i(w) i1 (w)da
v - p| L om@en @ [ a@enwe]
fgCFI Gi—1(x)di(x)dz fmii1 ¢i(z)pi(z)dx
or,
hl2 1
VRIEES o

The procedure for the assembly of the matrix M is exactly the same as for the
matrix S. Applying the the Forward Euler scheme for the time discretization, we

have,
wuPtl — P

W g, p P
A SuP + bP, (33)
9



where p is the time index. We have taken a time step At = 0.01, hence p = 1,2, 3...
corresponds to At,2At, 3At..., in the time scale. Equation (33) can be written as,

uPtt = (I — ALM T S)u? + AtM P (34)

Note that u? is already computed in the previous iteration p. This time-discretization
scheme is called “explicit”. In the explicit scheme we are faced with a stability con-
dition. Let A be an eigenvalue of I — AtM~'S, then At should be chosen such
that,
Al <1, VA

Otherwise we will have an unstable result. For the current example we have, h =
0.1, At =0.01, n =10, D =1, u(0,t) = 0, u(1,t) = (1-t), u(z,0) = S5 (1-e~").
The result is shown in Figure 7.

u(x,t)

S
\\\\§§§§\§§§§\\\\\\\\\\\\\\\\§\\\\\\\ 80 100 M1.2
c

-

FiIGURE 7. The numerical solution of the time dependent
convection-diffusion equation by SGA, D = 1, ¢ = 1, u(0,t) =
L u(l,t)=(2—1), u(z,0) = L-(e® — 1)+ 1

e—1

Implicit Scheme: If we use Backward Euler scheme for equation (30), we have
wuPtl — P
At
Let G = (M + AtS)™1, then,

Pt = GMuP + AtGHPTL.

This equation is implemented in MATLAB. The result is not shown because it is
visually the same as for the explicit case. An advantage of the implicit method is
that it is unconditionally stable. But, in general, it is relatively more demanding in
terms of use of memory and processing time.

— —Suerl _,_bp-i—l.

3.2. Solution of the Non-Linear Burgers’ Equation by Finite Elements.
Consider the following non-linear equation, also called Burgers’ Equation,
ou(zx,t) ou(z,t) 0?u(x,t)
— t =D
o e, 0a?

(35)

w(0,t) = 1, u(l,t) = (2 — 1), u(z,0) = ?61(1—6*%“.

The weak formulation of equation (35) is given by,

L u(x,t) ! ou(z,t) . L ou(z, t) Ov(x,t)
/0 v(x)dx—i—/o u(z,t) v(x)dr = D/o . . dx. (36)

ot Ox 0 0
10



In this equation the non-linear term u% is the difficult part. It can be treated by

a number of ways. One option is that we use the same discretization for every wu,
given by,

u(z,t) = Zuj(t)(bj(a:), (37)
7=0

where wug(t) and u,(t) are known. With this scheme, the given non-linear equation
takes the form,

1 o n 1 n 9 "
/Omj;)uj¢j¢¢dx+/o ;)Uj¢j %,;)umk dede

Lo 0o; ;
- (2 ) gy = 12
(38)

or,

n—1 1 n—1 1
d dg; dg; .
dt;u]/o ¢j¢id$D;uj/0 S dr = Lt b i= 12—,

(39)

where L; results from the non-linear term and b; contains the boundary values.
Computation of L;, i.e., the discretized form of the non-linear term in the ith row
is given by,

1 n 9 n .
L;= / (Z uk¢>k> P Zujqu ¢pidr, 1=2,3..,n—2. (40)
0 \k=0 =0

We will determine L; and L, 1 separately, because they are slightly different from
the general form L;. Now considering only the nonzero terms in equation (40), we
have,

d¢z —1 d¢7,

L; = /a:i1 (Uim1@im1 + uiy) (“il dr +u d ) pidr+

Tt do; dgiy1
/z (uz¢z + uz+1¢z+1) (uzdl‘ + Uit dr > ¢zd$a

i

1 Ti
L; = 7 (—ui—1 + Uz)/ (Uim10i—1 + ui®;) ¢idar+
Ti1
1 Ti+1
7 (—u; + wit1) / (wii + Uip10it1) Pide,
1 h h 1 h h
L, = E(_Ui—l + u;) Ui-1g +Ui§ +E(_Ui+ui+l) Ui§+ui+16 )
1 2 2
L; = 6[—(%'—1) — Ui + Utip1 + (Uig1)7].

Now Ly and L,_; are given by,

1
L= 6[-“0“1 + urug + (u2)?],

1
Ly_1= 6[—(un_2)2 — U2y 1 Uy 12Uy ].

11



In Ly and L,,_1, we did not consider %1

by b1 and b,,_1, respectively,

u3 and %ui These known values are taken

2 D
bl = (UO) +u077
6
(Un)2 D
bnf - ng
! 6 "%

After applying the Euler Backward scheme, we get,
(M + AtS)uP™t = —AtLPT + MuP + AP+,

where p is a time index and LPT! = L(uP™). In a Picard iteration, we already have

uPt! either as an initial guess or a value close to the final solution, in case we have
convergence. Let G = (M + AtS)~!, then,

uPtt = G(—AtLPT + Mu? + AtpPT).
Let b1 = G(MuP + Atbp+1), which is a constant for each time iteration p.
uPtl = —AtGLPT 4 b1, (41)

This equation is solved by Picard Iteration. Picard iteration is used to solve non-
linear equations written in the form,

Upew = f(uold)' (42)

Where u,,;, starts with an initial guess. We calculate u,,,, by using equation (42).
In the next iteration, the value of w,.,, is assigned to u,;;. This procedure goes on
until a stopping condition is satisfied. The iteration stops successfully if the infinity
norm of #zew”Xold ig less than a specified value, i.e.,

)<

where § is an acceptable error level. In this case we move on to the next time step.
If this condition is not met within a specified number of iterations or w,.,, — o,
the Picard iteration stops, unsuccessfully. Equation (42) can be formulated in many
ways. If it is divergent in one form, it might converge in another form. For the
current time dependent problem, we used uP as the initial guess in Picard iteration
for uPT. This procedure is more elaborated in Algorithm 1. The approximate
solution u(z;,p) is shown in Figure 8.  In Algorithm 1, it can be seen that the
vector L is computed from uP*!, but uP*! is taken from the previous Picard itera-
tion. Hence the entire non-linear term is treated at the previous Picard iteration.
Semi-Implicit and Fully Implicit Methods

We reconsider the non-linear problem (equation (35)), first discretize it in time
and then in space. In this way we take certain unknown variables at previous time
iteration p (the semi-implicit scheme), hence the problem is linearized.

Uu — U
max Znew Zold
u,

new

uPtlt — P Oupt! R
P =D 0,1 =1,2.3,... 43
At +u 3:5 axz ) xe( 5 )a P g Ly g ey ( )
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u(x,t) 2

\
N\

F1GURE 8. The numerical solution of Burgers’ equation by SGA,
D=1, u(0,t) =1, u(l,t) = (2 1), u(z,0) = 25(e” = 1)+ 1

Solution Algorithm for the Non-linear Burgers’ Equation

n=number of elements, h = %, z; =jh, j=0,1,...,n,
’U,o(t) = Oa uﬂ(t) = (1 - t)a U(CC,O) = eil (ex - 1)7
Initialize L, b, M, and S with zeros,

Compute Me, Se, M, S, and G,

Time Loop Starts with p=1,
uPtt = uP, %serves as guess
Compute by, b,_1, bl,

Picard Loop starts here,
Compute L,
y=—AtGL + bl
If stopping condition=true, break Picard Loop
uPtl = Yy
Picard Loop Ends
If condition=divergence, break Time Loop
Time Loop Ends
Display results

where u? = u(x, pAt). The weak form and the corresponding space-discretization
are given by,

Ait /01 (uPt! — uP) v(z)dx + /01 uP (z,t) agjlv(m)dx =-D 01 agp;l Z—;dx,
(44)
1 'S p+1 P g p RN p+1
Kt/o jz_:()(uj —uj) ¢j¢i($)dz+/0 (kz_oukgbk> (333 jzz:ouj qi)j) ¢idx

1 n
8 p+1 d¢l .
"‘l)/ov ox (;_Ouj ¢j dx dz:(), 7 = 1,2,...,n—1.

(45)

13



In the following computations, we used a Newton-Cotes integration rule (the Trape-
zoidal rule given by equation (13)). The element stiffness matrix is determined in
the following way,

i dpi—1 Todpiy doiy
S = [ (iéinute) Do do s D dr,
b . (s ) dx v, dr dx
p

uiy D

S€1,1 - — 2 + ﬁ
The complete element matrix is given by,
Di1 -1 LI —uf g uf
s=w| L 3] T e (1)

Since, S is a function of uP, therefore, S, and S are computed at each time iteration.
We will denote S by SP. The mass element matrix M, is different in this case,
because we have not computed it analytically.

wet[s ?]

The mass matrix M is assembled as usual. The first element of the vector b” is
given by,

1 1
dgo dgo d¢
1490 1090 dPy
or,
W - ub™ P bt D
! 2 h
Similarly,
bp — _ufﬁluﬁfl + u7€+1D
n—1 2 h
Now the equation (45) written in a matrix form is given by,
Pt — P
—— + SPyPT =P 48
Ar T v, (48)
wuPtt = (M + AtSP) " (MuP + AtbP). (49)

The numerical solution is shown in Figure 9. Now we consider the fully implicit

u(x,t) 2

16 1.6

1.

@

1.4

12

-

g
N\

B

0.8

\\\\\\\\\\\\\\\ 60 11

. \\\\\\ N\
02 \\\\ 40
S 1

FIGURE 9. The numerical solution of Burgers’ equation by the
semi-implicit scheme, D = 1, u(0,¢t) = 1, w(l,t) = (2 —
t), u(z,0) = L (e® —1)+1

14



case. In this case, again Euler Backward scheme is used for discretization of the
time derivative but all other variables are taken at the current time iteration p 4 1.
We used a Picard method to solve the non-linear problem, so it is linearized with
respect to Picard iteration. The time-discretized form of equation (35) is given by,

ubly —uP oupt, o 0%ubl,

T+u§l+dl Gt =D, € (0,1), p=1,2,3,... (50)
The method explained in Algorithm 3.2 is equivalent to the following linearization.

ubtl — P oul ! O?ubtl

e + Pt 8017 =D, 5 €(0,1), p=1,23, .. (51)

The element stiffness matrix corresponding to equation (50) is given by,

D1 -1 1 —(Ufjll)old (ufi_ll)old
hl -1 1 p+1 P+

Se =
2 —(Ui )old (U'i 1)olcl

: (52)

Similarly the matrix form corresponding to the discretization of equation (50) is
given by,

uP

(Ep—i_l)new —u p+1 p+1 p+1
MT + (S )old(u )new = (b )old ’ (53)
(@p+1>new = (M + At(sp-i_l)Old)il (Mup + At (bp_‘—l)old) ’ (54)

Equation (54) is solved by Picard iteration. The result is close to the semi-implicit
case. For the comparison, their difference is shown in Figure 10. The difference
decreases with the increasing time.

F1GURE 10. The difference in two solutions of Burgers’ equation
by Semi-Implicit and Fully-Implicit schemes, D = 1, u(0,t) =
17 u(Lt) = (2 - t)a U(I,O) = 7(6m - 1)

1
e—1

4. SYSTEM OF NON-LINEAR EQUATIONS

In this section, we have computed a numerical solution for a system of nonlinear,
coupled equations. The system of equations is given by,

d(ph)  O(phv) 0T
dp  O(pv) _
ot + or 0, (56)

15



oprP

v(z,t) = —Aig, (57)
P(z,t).V = RT(z,t), (58)
h(z,t) = T (z,t). (59)

This is a one-dimensional, simplified case of the flow of a certain fluid through a
porous medium. The system is taken from Master Thesis of Abdelhaq Abouhafc.
In this system, the unknown variables are the density p(z,t), the velocity v(z,t),
the pressure P, the temperature T, and the enthalpy hA(x,t). On the other hand
the volume V', the diffusion coefficient Dy, the universal gas constant R, A1, and
¢ are given constants. The source function ¢(z,t) is also known. In this section,
the symbol h and v are already taken, so we will use the symbol Az for the length
of an element and n(z) for the classical basis function. We have used both, the
semi-implicit and the fully implicit scheme to solve this problem. After eliminating
P and T, we rewrite the above system as,

d(ph)  I(phv) 9h

ot o7 :Dw‘*‘Q(%t% (60)
dp  O(pv)
-F = 1
2 + o 0, (61)
oh
v(x,t) = —Aa—x, (62)
where D = D; /c and A = 222 From equation (60) and (61) we have,
oh Op A(pv) oh 0%*h
—+h—+h — =D— t
Por Ty T Tas = P T @), (63)
dp _ 9(pv)
— =— . 4
ot ox (64)
Using equation (64) into equation (63), we have,
oh d(pv o(pv oh 0h
pg—h (6x)+h E%)—kpv%:D@Jrq(x,tL (65)
or,
oh oh 0%h
Por + Py = D@ +q(z,1). (66)
Using v = f)\% in equations (66) and (61) we have the following system of equa-

tions, ready to be solved numerically.

Oh Oh Oh 0%h
Por ~ P%%*D@ﬁﬂl(%t)v (67)

2
9p _\Ohop O (68)

ot Oz Ox P oz
The initial conditions and the boundary values are given by,
h(z,0) =3 —x, h(0,t) =2+ sinbt, h(1,t) =2+ cost
p(x,0)=15—=x, p(0,t) =1.5
These equations are linearized in the same manner as in case of Burgers’ equation

i.e., not more than one variable is taken at current time index, in each term (semi-
implicit case). Equations (67) and (68) take the forms (with q(x,t)=0),

hptl _ pp ) p% OhPT1 _ O2hpt1
At P or ox 7 a2
16
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PO R

At 8:10 Ox Ox? (70)
Now the weak form of equation (69) and (70) is given by,
1/t L OhP 9hpt! L onett dp
[ (P — 1) y(2)d fA/ p I d :fD/ A
At J, P ) n()da 0 P or oz n(@)de o Oz dx “
(71)
1t L onr opptl
— p+1 _ p _ -
At/o (p pP) w(z)dr — A N w(zx)dx
1
o [ Ooh?
_ p+1 = [ 27 =0. 2
)\/O p 8$(8x>w(m‘)dm 0 (72)

We have used the following discretization for unknown variables,

h(z,t) ~ Z hi(t)pi(z), p(x,t) =~ Zpi(t)@(x)-

Now the discretization of equation (71) is given by,

At/ Zpk% hp+1 hP)jdidr — A /Zpkﬁkahl’a@Zh?“%@‘m
=0

1
0¢; do; .
p+1Y%5 “%4
= =1,2...n—1.
D/ 4 hj o d:z:dx ) ,2...,n—1

(73)
We will use this equation to find the enthalpy h. Therefore we add an h subscript to
the matrices corresponding to this equation. The first element of the mass element
matrix Mj,_, is given by,

i Ax
My, , = / (P_1bic1 + L i) dic1di—rda = —=pb_,, (74)

2

where we have used a Newton-Cotes integration rule (the trapezoidal rule). The
complete element matrix Mj,, is given by,

Az | pf 4 0

Mhe—Q{O p] (75)
Similarly, the first element in the stiffness element matrix S, is determined as
follows,

dei—1 d¢i> doi— Ly da

She, | =—>\/$H (PF_1 i1 + Pl ) <p§’_1 i

—D/ Opi— 1d¢z 1,

(76)
S =—— (-h?_, + Al D 7
}L€1,1_2A ( 1+ )pz 1+A:L‘ ( )
The complete element matrix S}, is given by,
A or —o? D [1 -1
— _pP hP i—1 i—1 el _
She AT ( i1 z) |: pif _pIiJ :| + Az |: -1 1 :| (78)

From these element matrices, we assemble global matrices, M}, and Sj. Let by be a
vector, which includes boundary values corresponding to variables in equation (69).
17



Then by, = —Sh, ho and by,,_, = —Sh,_, , hn. The element matrices corresponding
to equation (72) are given as follows (Streamline Upwind Petrov-Galerkin applied),

Az [ 1 -1
Mpe4|:1 3:|7 (79)

A(=h? R?
Spc = ( 7471+ Z) |: O O :|

2Ax 2 =2
The final equations in the matrix form are given by,

RPTL = (MP + ALSP) T (MPRP + At

P = (M, + ALSE) T (M + Ad)
The numerical solution obtained from these equations is shown in Figure 11 for two
time resolutions At = 0.01 and At = 0.1. The remaining variables, v, P, and T are
computed as post processing. In case of fully implicit scheme, equation (67) and

(80)

At=0.01

100 100

At=0.1

10

FIGURE 11. The numerical solution of h and p, D = 1,q = 0, Ax =
0.1, h(z,0) =3 —=x, h(0,t) = 24 sinbt, h(1,t) = 2+ costp(x,0) =
1.5 =z, p(0,t) =1.5

(68) are linearized in the following way (q=0),

(Pp+l)ozd At A (pp+l)old Oz = o =D Ox2 (81)’
(pp+l)new B pp 9 (hp+l)old 9 (pp+1)new p+1 82 (hp+l)old _
At A gr A e g =0
(82)

18



Where the subscript ’old’ indicates the value at previous Picard iteration. The
element matrices are given by,

+1
Az (Pf—l ) 0
[ — old
My, == . ( P+1) . (83)
old

7

A P — (o2}
= 2 (0 (00,0 | (e T
v old ¢ old
D1 -1
& |

M- (), (7)) ).

Spe = 2 -2

N 2Ax

The final equations in the matrix from are given by,

0 e = (77) 20 (7)) ((87) 2 20 (B7),.)

1
)= (4 80 (557),,) (M7 + 8005,

El _Bg

In Figure 12, the relative difference ﬁl}? B> and is shown, where h; and h, come
2

= Eo
respectively from semi-implicit and fully implicit solutions. A similar argument
applies to P, and Py The difference is more noticeable where the gradient is large
in actual variables.

(h,hy)n, (ORATR

FIGURE 12. 12 anq BoB D =1,¢g=0,Az =01, h(z,0) =

-2 .
3—a, h(0,t) =2+ sin5t, h(l,t) =2+ costp(x,0) = 1.5 — z, p(0,
£) =15

5. FINITE ELEMENTS IN TwO DIMENSIONS

We have divided the two-dimensional unit domain into triangular elements. The
mesh and the element topology is shown in Figure 13. Total number of elements in
this case is n = 2(ny —1)(ny, — 1), where n, and n, are the node count in respective

19



directions. We have considered 2-node boundary elements. Total number of bound-
ary elements are 2(n, — 1) +2(ny, — 1) = 2(n; +n,) — 4. For two-dimensional prob-
lems throughout this report, we maintained this convention for node and boundary
numbering order.

2 2 23 24 2

03(6 /

F1GURE 13. A 5x5 mesh, red numbers indicate nodes and blue
number are the element labels. I'; are the non-overlapping bound-
ary segments

Again, the linear basis functions ¢(z) has been used. Where z = [z, y]” and
¢(x) is defined as,

¢(z) = a+ bz +cy, (86)

bi(z;) = 6. (87)

For a typical element ey, with nodes z,, z,, and z5, the basis function is determined
by using equations (86) and (87), given by,

a1 as as 1 =z 1 0 0
bl b2 b3 1 T2 Y2 = 0 1 0 s (88)
i C2 C3 1 2o yo 0 0 1

where,
zy, = [zg, w]", k=1,2,3.

All the coefficients are determined by solving equation (88) and they are given by,

bl:%( ) blzé(y?)_yl)v bl #(yl_y2)
C2 =x (1'3 — x2) Coy = N (.Tl — .’133) C2 =X ($2 - 371) (89)
=1-biz1 —ciyr, az=1—baxa —coya, azg=1- b3$3 — C3ls-

Where A = (29 — 21)(y3 — y2) — (y2 — y1)(x3 — 22), which also is twice the area
of the triangle. Hence we require non-zero area for all elements. For the triangular
elements, the following Newton-Cotes quadrature rule has been used:

[ stwran =1 gt + ata) + oty (90)
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5.1. Poisson Equation in Two Dimensions. The steady-state diffusion equa-
tion in two dimensions is given by,

— —
-v. (Dvu) = f(z), onQ (91)
u=2—uz, at I'y,
u=1+z, at I's,
g% *0 on FQUF47
where,
= o 0
V= ),

dx’ dy
and 7 is the outward pointing unit normal vector. The computational domain
is represented by the open region (2, while I' = U{_,T; represents the domain
boundary. The weak form of equation (91) is given by the following equation.

_/96 (D?u) n(g)dQ:/Qf(g)n(g)dQ. (92)

Using Gauss Theorem, we have,

D / Vu.Vn(z)dQ — D / g%@)drz / F(@)n(z)do. (93)

We take n(z) = 0 for z € I'; UT's. This makes the boundary integral fr (z)dl

equal to zero because g—z = 0 for x € Ty UTy,. After eliminating the boundary

integral, the discretized form of equation (93) is given by,

D/ﬂiﬂﬁ%(%)v@(@dﬂZ/Qf(w)qbidﬂ,

Vi€ {1,2,...,n} for which z, ¢ I'1 UT3. (94)

The element matrix S, pertaining to the kth element ey is computed as follows,

A

5., =D [ T30 Fontapie = ']

Let zy,,zy,, and z;, be three nodes of ex. Then the stiffness matrix S is updated
in the following way,

Ski,k)j = Sk}i,k}j + Se

A similar procedure is followed for the right-hand side of equation (94) i.e., the
element vector f is determined for all elements and the global vector f is updated

(b bj +cicj), 1,7 =1,2,3. (95)

i,j=1,2,3 k=12 ...n

0,57

accordingly. Equatlon (94) written in a matrix form is given by,
Snxnlly, = f . (96)

Next we partition vectors and the matrix in the above equation such that all the
known values in u, could be taken to the right hand side of the equation. Let
n = m+r such that u,, are unknown values and u,. are given values (from essential
boundary conditions) i.e., we rearrange equation (96) for rows and columns for this
purpose. Equation (96) is rewritten as,

(S)m+r><m+r (u)m+r = (i) m—+r’ (97)

Smxm  Smxr U | i
|: Srxm Srxr :| |: U, :| N |: f ' (98)
From this equation we have,

Smxm Uy, + Smxr u, = ima
21
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or,

Smxm Uy, = im - Smxr U,

or

where b = —S,,,xr U

Ly

FIGURE 14. The numerical solution of the diffusion equation,
D=1,f=1

5.2. Convection-Diffusion Equation in Two-Dimension. Given the problem,

— — =

—V.(Dw)+ 7. NVu =0, (99)
u =1, at 'y,
u:2, at F3,

gg =0, atl'yUTly.
Let SP and S¢ be element matrices due to diffusion and convection terms respec-

tively. We have computed S in the previous section and the other part is given
by,

— A
52, = 7. [ Fo@atae =Ll e +ue), ii=123 am
’ Q

The numerical solution of equation (99) is shown in Figure 15. Now boundary

u

18
16
14

12

e

_

FiGURE 15. Numerical Solution of Steady-State Convection-
Diffusion equation, D =1, n, =n, =5
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u(x,yo), Y7075
1652 T T T

16515
1.651

16505

16495
16491

16485

L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1
X —>

FIGURE 16. Graph of u(x,y0), yo = 0.75) expected to be con-
stant, D =1, n, =n, =5

conditions are such that all variations are in the y-direction and we expect a constant
solution in the z-direction. In Figure 16 we have shown the solution u(x,yo), yo =
0.75. We observe a small variation even in the z-direction. In order to investigate
the cause of this, we divide our domain into two elements, shown in Figure 17 and
take the following boundary conditions,

u = 1, at Fl,
82 = 1, at ].—‘37
u

on = 0, atTyUTy.

Only two element matrices S., and S., are to be determined in this case. Taking

FicURE 17. Computational Domain with two elements

v, = 0 everywhere, we have the element matrix due to the convection part,

|A| .
Secm_ = ?vycj, 1,7 =1,2,3, (first element). (101)
It is clear from equation (89) that ¢; can be expressed in terms of A and A. Hence
we can write,

S = hp;, (102)
where h is defined in Figure 17 and 3; = vy% is independent of the element

dimension h and the area % (because ¢; o< %) The complete element matrix for
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the first element e; is given by,
hB1 hBs hQs v -1 0 1
SE = | hB1 hB> hps :Fy -10 1]. (103)
hBr  hB2 hBs -1 0 1

With current topology o is always zero (regardless of h and A values). We update
the global matrix S¢ and it is given by,

h31 0 0 hBs
c_ | RB1 0 0 hps
SY = 0 00 o0 . (104)
h31 0 0 hps
Similarly Sg and the updated S¢ are given by,
hBi kB3 0 o[ -1 10
SC = | hp1 hBs 0| = Ey -1 1 0|, (105)
hB1 hpBs 0O -1 1 0
2hB1 0 hBs hBs
hGy 0 O hAp
c _ 1 3
SY = b3, 0 hBs 0 . (106)
2hB1 0 hBs hpBs
Now we come to the diffusion part;
A .
Sh = 5 (bibj + cicy), 0,5 =1,2,3. (107)

From equations (89) and (107), it is obvious that S is independent of h and A.
The diffusion part of the stiffness matrix (computed from 5’51 and Se’:;) is given by,

2 -1 -1 0
1 -1 2 0 -1

D—f
s “92|l -1 0 2 -1\

o -1 -1 2

(108)

which is symmetric about both diagonals. Therefore we can write it in the following
form;

dy dy d3 dy
dy di dy d3
ds ds di do |’
di ds dy dy

SP = (109)

where dy =1, do = —%, ds = —%, and d4 = 0. The stiffness matrix is given by the
following equation.

2hB1 +dy do hB3+ds hBs+ds
hB1 +ds dy dy hpBs + ds

=8P +5°= 11
S=5745 hB1+ds ds hBs+d; dy (110)
2hB1 +dy dy hB3+dy hps+d;
The vector b is determined as,
b3 S31 S32 Uy
= ’ ’ 111
[b4} [54,1 54,2][1!2}7 ( )
or,
bs | _ | hb1+ds dy L _ | hBi+ds+ds (112)
by 2hfB1 +dy ds 1 2hB1 +ds +dy |-
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Now unknown values uz and uy are determined as,

)=l e (R0 o

where the last vector on the right hand side comes from natural boundary condi-
tions,

ug | _ 1 | hfs+dy —d hfy +ds+ds +1 (114)
Uy Ay | —hBs—ds hBs+d; 2hB1 +ds+da+1 |’
where AS = (hﬁS + d1) (hﬁiﬂ + dl) — dg (hﬁ?) + dg)
us | _ 1 | (hBs+di) (hB1 +ds +dy+ 1) —do (2hP1 + d3 + ds + 1)
Uy A, (—hﬂg — dg) (hﬁl +ds +ds + 1) + (h63 + d1) (2]7,51 +ds+ds+ 1) ’
(115)
Finally we check for the variation the in z-direction;
h
Au = uy —uz = —— [hB103 + frde — B3 (hB1 +d3 + dy + 1)], (116)

Ag

as h — 0, Ay — d? —d% and Au — 0. It is clear from equation (116) that we
can not have constant numerical solution in x-direction with given conditions. This
effect can be reduced by using a finer mesh.

Further more, we consider only the diffusion part and set v, = 0. That makes
Bi=0 (6= G%Uyci). From equation (116) we have,

Ug — U3 = 0, (117)
i.e., we have no error in the x-direction.
6. FEM MOoDEL OF DARCY FLow IN POROUS MEDIUM

The system of non-linear equations is reconsidered here in two dimensions.

% +V.(phT) = V. (DﬁT) +q(a, 1), (118)
a—’t’ +V(pT) =0, (119)

V() = -\ VP (120)

P(a,t).V = RT(x, 1), (121)

h(z, t) = T (x, 1). (122)

Initial and boundary conditions are also known. We apply the same procedure as
given in the section for system of equations in one dimension. The above system
can be reduced to the following two equations in two variables (without a source
term),

h
P/ /e v (DVh) , (123)
ot
ap — — [
a—ApV.Vh—AVh.szO. (124)
We take the following initial and boundary conditions,
r Yy
h(z,t=0)=1—=-—-%
(z,t=0) 5 5
r Yy
t=0)=1->=—-2
plz,t=0) 5~ 3



1 % at Fl,

b= %_%a at FQ;
%—%, at Fg,

1—% at F4.

- 1—% at Fh
r= 1—% at F4.

Where T'y, and T'; are inflow boundaries. The time discretization of equation (123)
and (124) is done as follows (semi-implicit scheme),

hptl _ pp - — — —

P AV VR =V (DVhP“) : (125)
PP e S T Tt
— — ApPTIV VAP — AV HP.V pPt = 0. (126)

We have used Standard Galerkin Approximation for both equations. The element

stiffness matrix for equation (125) is computed as follows (the diffusion part Sf is
calculated in a previous section)

Sh.,, = A ZpkqﬁkZh Vo (Veo;)ed + S m=12..n,

€m k=1

She,, = =X ZpqukZh (bybu + cjer) $id + Sp

em =1
Al 5 o D
She, ;, = _)‘?Pi ;hl (bjby + cjer) + Shei’f
The element mass matrix is given by,

Mo = [ S s yn =12 Bz, (127)

ém k=1
Similarly element matrices for equation (126) are given by,

3
Al
Spe,, = _)‘?;hf} (bjbi + ¢jcr) (128)
Al

The computation of b is explained in the section for the diffusion problem and the
matrix equations have the same notation as given for one-dimensional case, i.e.,

P = (MP 4+ AtSP) ™ (MyhP + AtD)

1

P = (M, + AtSfj) (Mpp” + Atbﬁ) :
The numerical solution of h and p is given in Figure 18. In Figure 19 the function p
is given at different iterations. We observe that it reaches a steady-state. This was

expected because the boundary values are independent of ¢. The matrix equations
for the fully implicit scheme are given by,

0 = (07) 70 (7)) (0007, 0 (7).,

-1
+1 _ +1 +1
() e = (O + D (5570, ) (Mpp” + AL, ) -
The numerical result in this case is given in Figure 20.
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p=100 0

FI1GURE 18. The Numerical Solution of h and p with Semi-Implicit
Scheme, D =1, At = 0.01, p = 100.

p=1000 0

FIGURE 19. The Numerical Solution of p (with Semi-Implicit
Scheme) at different iterations p.

h P
p=100

14

12

1

0.8

FIGURE 20. The Numerical Solution of h and p with Fully Implicit
Scheme, D =1, At = 0.01, p = 100.

7. CONCLUSIONS

In this report we computed numerical solutions starting with steady-state linear
problem in one dimension and ending Wit2h7 a system of coupled non-linear equations



in two dimensions. We observed a good agreement in numerical and analytical re-
sults where the comparison was possible to make. Initial and boundary conditions
effect the accuracy and stability of the solution, especially when they are discontin-
uous or the gradient is large. For non-linear problems, the Picard method worked
reasonably well. For further work, few of the equations in the system we treated,
should be replaced with more realistic modeling. The non-trivial problem domains
should also be considered. The accuracy and the stability issues are also there for
the said system. Furthermore, the said system should be discretized in conservative
form so that numerical results should reflect the physical laws, realistically.
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